The linkages among the best management practices implemented at the field level and downstream water quality improvement at the watershed level are complex, because the processes that link management practices and watershed-level water quality span a range of scales. However, it is important to understand the effect of nutrient management strategies on watershed-level water quality because most of the water quality evaluation occurs at the watershed scale. The overall goal of this study was to quantify the effect of broiler litter application method (surface vs. subsurface application) on phosphorus (P) and nitrogen (N) losses in surface runoff using the Soil and Water Assessment Tool (SWAT) model. The research was conducted in the Big Creek watershed (8,024 ha) located in Mobile County, Alabama, USA. At the hydrological response unit level, the subsurface application of broiler litter to pastures reduced average annual (1991-2015) total P and N losses in surface runoff by 72% and 33%, respectively, compared to surface application of broiler litter. At the watershed outlet, subsurface application of broiler litter to pastures (covered 43% of the watershed area after the land use change scenario) reduced average annual (1991-2015) total P and N losses by 39% and 20%, respectively.
INTRODUCTION
Increased levels of nutrients in surface waters result in water quality impairment. For example, excessive delivery of nitrogen (N) and phosphorus (P) to surface waters results in the growth of toxic algae and eutrophication (Carpenter et al. ) . In the USA, about 10% (∼181,856 km) of the assessed streams and rivers are impaired because of excessive levels of nutrients (USEPA a) . Similarly, in Alabama (AL), approximately 7% (∼1,250 km) of stream impairment in assessed streams is due to excessive concentration of nutrients (USEPA b).
Agricultural runoff has been recognized as one of the major sources of nutrients in surface waters (USEPA ). Loss of nutrients via agricultural runoff to surface waters is substantial in areas of intensive animal production.
In AL, approximately 1.08 billion (12.4% of US production) meat birds are produced yearly, ranking it second behind Georgia (USDA ). Annually, approximately 1.25 million Mg of broiler litter is generated in AL (Aksoy et al. ) . With the increasing production of broiler litter in AL, disposal of broiler litter is becoming a priority concern (Torbert & Watts ) . Being an inexpensive option as compared to commercial fertilizers, broiler litter is commonly used to fertilize pastures (Lamba et al. ) .
Because of the expense and logistics of transporting broiler litter, it is typically surface-applied (broadcasted) onto pasture fields in close proximity to the production facilities.
Broiler litter application to the same pasture fields (in close proximity to the production facilities) year after year, contributes to an increase in soil nutrient, especially P, levels. For example, Ranatunga et al. () reported that in the Sand Mountain region of north AL, Mehlich-3 P levels are greater than 200 mg kg À1 , which is substantially greater than the agronomic optimum level of 50 mg kg À1 .
The high concentration of P in soils increases P (dissolved or particulate forms) losses in surface runoff (Lamba et al. ) . Losses of P in dissolved form are dominant in surface runoff generated from grasses, forests, and uncultivated soils since soil erosion from these land uses is minimal (Elrashidi ) .
Implementation of best management practices (BMPs)
can help to reduce loss of N and P in surface runoff from agricultural landscapes (Arabi et al. ) . To study the effectiveness of BMPs at a watershed level, long-term monitoring data are required. However, collection of long-term flow and water quality data is time-consuming, labor-intensive, and expensive. Therefore, typically, long-term data required to quantify the effectiveness of BMPs are not avail- () showed the effect of BMPs, such as contour farming with zero tillage, filter strips, and reduction of animal numbers in pastureland, on sediment, P, and N losses.
Nutrient management guidelines or tools (e.g., P Index) can help producers and conservation personnel to limit nutri- occurs at the watershed scale for the long-term protection of water resources. A long-term monitoring study would be time-consuming and labor-intensive to conduct, thus, it is important to evaluate the long-term effect of subsurface application of broiler litter at the watershed level using a continuous simulation model such as SWAT. Therefore, the objectives of this study were to: (a) quantify the effectiveness of subsurface application of broiler litter on P and N losses using the SWAT model at different spatial scales on a longterm basis and (b) determine the effect of soil type and slope on N and P losses as a function of broiler litter application method. Data on the effectiveness of different management practices (e.g., manure application rate, tillage practices, vegetative filter strips) in controlling nutrient losses in surface runoff are available in the literature (e.g., Lee et al. ; Panagopoulos et al. ) . As mentioned earlier in the paper, no data are available to assess the impact of broiler litter application method on watershedlevel water quality. Therefore, data generated from this study will help conservation planners to develop and improve watershed-level management strategies aimed at reducing nutrient delivery to streams.
METHODOLGY

Study area
The study area for this research was 82 km 2 and is known as Big Creek watershed, located in Mobile County, AL ( Figure 1 ). This watershed drains to the Converse Lake, which is the major source of drinking water for Mobile, AL. The mean annual In addition to simulating sediment processes within a watershed, SWAT simulates the fate and transport of P and N. Phosphorus and N pools and processes which are modeled by SWAT are described in detail in the SWAT theoretical documentation (Neitsch et al. ) . For this study, we used SWAT version 2016, revision 664.
Input data
The input data required to set up a SWAT model include a digital elevation model (DEM), soil properties, land use information, management data (e.g., crop rotations, manure/fertilizer application rate), and weather (Mirhosseini 
where O i is the i th observation for the constituent being evaluated; P i is the i th simulated value for the constituent being evaluated; O̅ is the mean of observed data for the constituent being evaluated; P̅ is the mean of simulated data for the constituent being evaluated; and n is the total number of observations. 
Method of application of broiler litter
Land use change scenario
Land use under pastures in the study watershed was approximately 12%. Therefore, to quantify if the litter application method can reduce nutrient losses at the watershed level, we (Table 3) . It should be noted that the timeseries plot of observed vs. simulated baseflow (Figure 3) shows that the model captured the temporal trends in baseflow well on a monthly time step. However, there
were instances when the model underestimated or overestimated baseflow. These episodic contrasting trends in the simulated baseflow estimates balanced out on an average annual basis resulting in a perfect match of observed and simulated average baseflow values (Table 3 ). The NSE, PBIAS, and R 2 values for surface runoff, baseflow, and streamflow for the calibration and validation periods are included in Table 4 . Based on the criteria specified by Mor- which has not been investigated in previous studies.
Effect of soil type and slope on P and N losses
A combination of different factors can influence P and N losses in surface runoff from pastures. For example, amount of surface runoff generated from an HRU, soil type, and slope can affect P and N losses in surface runoff. The Similar trends were observed between total P losses and amount of surface runoff generated from an HRU (R 2 ¼ 0.723). The trends between surface runoff vs. soluble P losses and surface runoff vs. total P losses were similar because soluble P was the dominant component (∼72%) of total P in surface runoff from pastures. Similarly, soluble P and total P losses from HRUs with slope >10% were greater compared to HRUs with slope 0-5% and 5-10% (Figure 8 ).
The percentage reduction in soluble and total P losses per unit area as a result of subsurface application of broiler litter among HRUs on different HSG soils and slope classes was similar (Figures 7 and 8) . The effect of HSG and slope was similar on N losses in surface runoff as a function of broiler litter application method (Figures 9 and 10) . Overall, results show that subsurface application of broiler litter helped to reduce P and N losses substantially in surface The P and N losses from the unmanaged land uses were minimal and likely masked the reduction in P and N at and 20%, respectively, compared to surface application of broiler litter (Table 6 ). Therefore, results of this study show that subsurface application of broiler litter can help to reduce P and N losses at the watershed level in agricultural watersheds.
CONCLUSIONS
This study used the SWAT model to test the effectiveness of subsurface application of broiler litter in reducing P and N losses from pastures. The SWAT model adequately predicted the effect of broiler litter application method on P and N losses in surface runoff. The results of this study show that at the HRU level, subsurface application of broiler litter helped to reduce average annual total P and N losses in surface runoff by 72% and 33%, respectively, compared to surface application of broiler litter. The reduction in P and N losses at the HRU level was greater compared to 
